Abstract-This paper presents the design, fabrication, and operation of a newly developed micromechanical optical scanner array using a translating microlens. We have used photoresist reflow techinique to form a microlens on a surface micromachined -stage of the scratch-drive actuation mechanism. The lens scanner is placed at the focal length from an incident optical fiber to collimate the transmitting light. The collimated beam is steered two-dimensionally by the -motion of the microlens with respect to the incident fiber. We also have developed a theoretical model to predict appropriate initial resist thickness and diameter for the scanning lens. An optical scanning angle of 7 has been demonstrated by sliding a microlens of 670-m focal length at a physical stroke of 67 m. Typical angular positioning resolution has been estimated to be 0.018 .
O
PTICAL switching devices for all-optical fiber network are under intensive development because of the increasing demand for higher data-traffic rates. In particular, optical crossconnectors (OXCs) and add/drop multiplexers (ADMs) of large port count are the key components that dominate the traffic capacity and the network flexibility of the wavelength-division multiplexing (WDM) systems. Requirements for those devices are, for example, minimum insertion loss, low return loss, small crosstalk between channels, small polarization-dependent loss, scalability to larger input and output port count, and low production cost. Optical microelectromechanical systems (MEMS) approach [1] - [4] falls into this request better than the approaches using massive switching boards of solid-state devices based on optoelectro (OE) and electroopto (EO) conversions.
Today's optical MEMS research is focusing on the development of micromirror arrays of large optical angle, of low driving voltage, and for larger port counts [5] - [7] . Fig. 1(a) illustrates the use of a micromirror, which steers the incident light from a fiber collimator to any one of the output scanning mir- rors to complete an optical route. In fact, the most significant components in the system are the fiber collimators. The intensity beam profile and aberration affect the insertion loss of the whole system, and collimation distance determines the maximum number of channels that can be addressed with an acceptable coupling loss. Collimators are often used in the form of an array of microlenses with its pitch matching that of an optical fiber bundle. These two pieces should be in perfect alignment to guide parallel collimated beams straight down to the micromirror arrays.
Here we need to take the deviation of the fiber core position into account, which is usually 0.5 to 1 m with respect to the true center of the fiber diameter. Alignment errors in assembling fiber bundles of around 0.5 m would be added to give a total deviation of 1-1.5 m. The relative displacement between the core and the lens causes an angular offset in the direction of the collimated beam, and then it is translated to the displacement of the beam position on the micromirror unit. Provided that the focal length of the microlens is 1 mm and the travelling distance from the lens to the mirror is 30 mm, the spot shift is calculated to be 45 m. Therefore, one may need to design mirrors larger than the actual beam spot in order to absorb the walkoff of the beam spot. Furthermore, the offset affects the insertion loss of the entire system as well as the uniformity of the optical performance of channels.
In this paper, we propose an alternative method of steering light beams by using microlenses instead of micromirrors. A photoresist reflow lens has been mounted on a surface micromachined -scanning stage, and two-dimensional (2-D) scanning of infrared light has been demonstrated to achieve maximum steering angle of 7 . A theoretical model of designing a photoresist microlens has been developed in good agreement with experimental results. The reliability issue related to the surface friction of a polysilicon micromechanism is discussed.
II. MEMS 2-D MICROLENS SCANNER
A laterally scanned microlens is able to absorb the fiber core deviation by finely tuning the lens position with submicrometer accuracy. It also can steer a collimated beam with a large angle when the lens is moved with a large stroke [8] . Microlens scanners can be used as an optical switching element in place of scanning mirrors [9] , as schematically illustrated in Fig. 1(b) . It is also possible to use an array of such lens scanners to compose a larger matrix switch, as shown in Fig. 2 . Input lights are guided through the fiber bundles located on the left-hand side of the system. Each fiber has a 2-D lens scanner such that the transmitting light can be individually steered to any one of the output ports located on the right-hand side of the figure. As shown in the figure's inset, a microlens is located at the focal length from a point light source (fiber facet) and collimates the beam. It is also possible to form a beam waist in the optical path, as shown in Fig. 1(b) , by slightly displacing the lens away from the fiber. Neglecting this small displacement, one can write the beam steering angle as , where is the focal length of the lens and is the transversal displacement of the lens. In this schematic, a pair of telescopes is shown as an option to amplify the steering angle of the travelling light [8] . 
The
-stage for scanning the microlens has been fabricated by using an external MEMS foundry, multiuser MEMS processes (MUMPs), of Cronos, 1 and the microlens has been postprocessed in-house by using the photoresist reflow technique [10] - [12] . Fig. 3 (a) shows part of a 2 2 lens scanner array. A closeup view of the microlens and actuators is shown in Fig. 3(b) . A photoresist microlens (diameter 260 m) is sitting on a suspended polysilicon diaphragm of 500 500 m in area and 1.5 m in thickness. There is no hole as an optical aperture in the diaphragm or in the silicon substrate because silicon is transparent for infrared light of 1.55-m wavelength.
Independent -and -motion is possible by using a pair of sliders attached on the edges of the stage. The stage is pulled by four sets of scratch-drive actuator (SDA) arrays [13] , whose bidirectional motion is guided by the staple guides over the sliding bars. Driving voltages are supplied from the peripheral contact pads through the SDAs' bushings. Three islands of photoresist bridges next to the SDA arrays provide mechanical connection and electrical isolation between the -stage and the SDAs [14] . 67 m, which is the stroke allowed by the coupling sliders. The detailed structure of the slider will be shown in Section V. The lens position is controlled by counting the total pulse numbers of voltages applied to the SDA arrays. The average number of pulses needed for the slider to travel from one end to the other (approximately 130-m stroke) has been found to be 400 pulses with a square voltage of 200 at 340 Hz. Positioning resolution is thus estimated to be 0.33 m per pulse. Faster actuation is possible, but this frequency has been chosen to achieve the most smooth motion of the slider. While the slider is moving by one set ofSDAarrays,no voltageisappliedtotheotherthreesetsofSDAs.
A simplified process of lens scanner fabrication is shown in Fig. 5 . In step (1), the backside surface of the MUMPs chip (1 cm 1 cm) is polished to a mirror surface in order to minimize optical diffraction of the transmitting light. In (2), a thick photoresist (Hoechst AZ-4620) is spun on the front surface, and a circular pattern is formed on the -stage. The typical initial thickness of the resist is 10 m, as discussed in Section III. To suppress the photoresist edge-beads, we have prepared dummy chips of the same thickness as the MUMPs chip and tiled them together on a carrier wafer before spincoating. A diluted developer [100-ml AZ-400 K with 100-ml deionized water (DIW)] is used for development for 1 min. In (3), the circular photoresist pattern is thermally transformed into a spherical microlens by baking on a 150 C hotplate for 1 min. The resist patterns can be visually observed half-melting under the microscope. Baking longer than 1 min should be avoided, as it frequently led to bubble-forming in the microlens. The sacrificial phosphosilicate glass (PSG) layers are removed in a concentrated hydrofluoric acid (47%) at room temperature for 10 min, followed by two cycles of 30-min rinse in DIW warmed at 60 C. The chip is dried at room temperature without using any organic solvent replacement to avoid damaging the photoresist microlens. In spite of the large area of the -stage, no serious sticking problem has been observed thanks to the stage height (over 20 m) elevated by the stress-induced polysilicon-metal cantilevers [15] , as depicted in Fig. 5 In (4), there is an auxiliary polysilicon electrode beneath the -stage for the focusing control ability, which is not used in our experiment. 
III. PHOTORESIST LENS DESIGN
The photoresist pattern before reflow is in a column shape of height and diameter , as shown in Fig. 6(a) , and its volume is (1) We have observed that the resist pattern reflows without changing the footprint diameter. By scanning the exact center line of each photoresist pattern with a contact-type surface profile measurement (Dektak-8 Profilometer), we have experimentally conformed that the resist pattern has turned into a spherical shape as shown in Fig. 6(b) . The radius of lens curvature is written as (2) where is the lens sag. Therefore, the volume of the planoconvex lens is (3) Neglecting the volume change before and after thermal reflow, we equalize (1) and (3) to find the lens sag as a function of and as (4) Using a value of 350 m for , we plot lens sag as a function of the initial resist thickness in Fig. 7 . It is clearly seen that the lens sag is almost double the initial thickness, which agreed well with our experimentally observed values (circular dot in Fig. 7) showing an initial value of 11 m and a lens sag of 23 m after reflow.
The focal length of a plano-convex lens is 1 , where is the refractive index of the lens material. Substituing (2), (4), and (5) into this, one obtains a formula of focal length as (6) The focal length of a photoresist reflow lens is thus controlled by the initial resist thickness and the dimension of mask pattern .
To find a value of as a fitting parameter, we have prepared microlenses of various diameters ranging from 200 to 800 m at the identical initial resist thickness of 23 m (Hoechst AZ-4620 double-spun at 2000 rpm for 30 s). The resist patterns are reflowed by the technique described in the previous section. To determine focal length, we set a single-mode fiber with its facet facing the convex surface of the microlens and observed a beam spot of an infrared 1.55-m-wavelength light on a sensor card placed 1 m behind the microlens. In our experiment, the focal length has been defined by the distance between the fiber facet and the lens surface when a beam spot was collimated. Fig. 8 plots the focal length as a function of lens diameter. The distribution of the experimental data could be well explained by the theoretical model when using the refractive index of 1.7 as a fitting parameter.
Let us now use (6) and to find the optimal design of the microlens. As illustrated in Fig. 9 , the beam emitted from a single-mode fiber can be modeled by the Gaussian theory at far field. Setting a beam waist at the fiber facet, we write the spot diameter measured on the microlens as (7) where MFD is the mode field diameter of single-mode fiber (10 m). The distance is set to be the focal length of the lens in order to collimate the light. For optical scanning, the beam spot diameter should be smaller than the lens diameter to avoid losing optical energy. Furthermore, lens displacement should be taken into account as a margin shown in Fig. 10(a) . The criteria for optical design is written, therefore, as the hatched area, where 2 is greater than . On the other hand, the 20-m-thick photoresist is good for lens diameter of 160 m or larger. The critical value of for satisfying (8) has been found to be 9.8 m.
We define the minimum resist thickness by using the smallest value of that fulfils (8) under a given lens diameter . Fig. 11 shows such minimum thickness as a function of lens diameter. The lens dimensions in the hatched area cannot be realized due to the optical design constraint. Again, no reflow lens can be made with photoresist thinner than 9.8 m. From a photolithographic point of view, photoresist should be as thin as possible to keep high resolution in patterning. Therefore, we used a lens diameter of 270 m on the photomask and a resist thickness of 11 m, which is indicated by the dot just above the boundary in Fig. 11 . The target focal length was set to be 610 m to achieve more than 6 beam-steering angle with the maximum lens displacement of 67 m. The actual focal length was measured to be 670 m, which was found to be longer than the designed value possibly because the photoresist had been thinned during development. Good reproducibility of focal length was observed throughout our experiment.
IV. BEAM STEERING
For testing optical scanning performance, we mounted the chip on a printed circuit board (PCB) with a tiny hole in the middle as an optical aperture, and finished electrical interconnetion to the -stages by bonding gold wires. The PCB was fixed vertically on a modified lens holder of five degrees of freedom in position alignment, as shown in Fig. 12(a) . A single-mode fiber was placed in front of the microlens, as illustrated in Fig. 12(b) , by using a microscope for visually controlling the fiber position. A collimated beam spot after the lens was observed at an 8-cm distance by using an infrared charge-coupled device (CCD) camera (Hamamatsu Photonics, model C2400-03). Fig. 13 shows CCD images of displaced beam spot. Maximum spot displacement of more than 10 mm on the CCD image plane was obtained, which corresponded to a scan angle of more than 7 . Angular resolution is estimated to be 0.018 because it took approximately 400 pulses of driving voltage for the full stroke. Unlike typical electrostatic or thermal scanning mirrors [16] , the lens scanner can be latched at any place without applying voltage thanks to the friction between the sliding bar and the staple guides. The beam spot was found to be accompanied with several coaxial rings due to the optical interference in the multiple interfaces of MUMPs layers (see Fig. 5 ). The interference can be suppressed by using simpler layer structure and by removing the silicon substrate in the optical path. The intensity profile of the steered beam is shown in Fig. 14 . The beam at the rest position (center) can fit well to the squared Gaussian profile. No significant intensity change or spot size change could be observed to scan angles up to 5 . For larger scan angles, the beam starts to show deviation from the Gaussian profile.
V. SLIDER RELIABILITY ISSUE
Several different types of MEMS -stages have been tested in our experiment to investigate the reliability of microfriction at the slider part. In our prototype model, photoresist fixing bridges were placed close to the slider as shown in the scanning electron microscope image in Fig. 15(a) . The slider plates should be as flat as possible so as not to cause friction on the sliding parts nested with each other. However, the residual stress of photoresist had buckled up the joining plates. A relatively large gap can be seen under the edge of the plates. In addition, the bottom surface of the photoresist lens is no more flat but slightly round due to the warp of the stage plate.
Deformation of the sliding plates [section A-A'-A" in Fig. 15(b) ] has been observed with the confocal interferometric microscope, and its surface profile is shown in Fig. 16(a) . The two bumps are the overhanging bridges B and B'. Due to the residual stress of photoresist, peak-to-valley deflection was as large as 4.6 m across a 500-m-long plate. Because the gap clearance between the sliding plates was less than 1 m, the slider suffered from the friction, and stick-and-slip motion of the stage was frequently observed even with a large array of SDAs (4 6 plates). In our later design, the photoresist fixing bridges and joining plates have been relocated far from the sliders, as shown in Fig. 3(b) . The surface profile of the improved slider is shown in Fig. 16(b) . The peak-to-valley deflection has been decreased to 0.5 m, which remains due to the polysilicon's intrinsic stress. We could observe smoother motion of the -stage of this slider design even with a smaller array of SDAs (2 10 plates).
VI. SUMMARY
A newly developed surface micromachined lens scanner has been presented, and an optical scanning angle of 7 has been demonstrated with a 1.55-m-wavelength infrared light. The lens stage is made of a polysilicon surface micromachined -stage of two degrees of motion freedom. Scratch-drive actuators and decoupling sliders have been used as a 2-D actuation mechanism. The microlens has been prepared by using the photoresist reflow technique. A theoretical optomechanical model of the lens scanner has been developed to appropriately design the dimension of the photoresist reflow lens. The reliability of the micromechanical sliders has been studied, and a stage design for smooth -motion has been presented. Thanks to the latching capability, the lens scanners can be used as a position tunable collimator array as well as a switching element of optical crossconnectors. 
